Urban forests are recognized for the multiple benefits they provide to city-dwellers. However, climate change will affect tree species survival and persistence in urban ecosystems. Tree failures will cause economic losses and jeopardize the delivery of societal benefits. The impacts of climate change will depend on the species' resilience and adaptive capacity, as well as management actions which may ameliorate some of the negative impacts. Here, we assessed the potential vulnerability of Australia's urban forests to climate extremes. Our results can be used for future urban planning aiming to incorporate species that are well-adapted to the hotter, drier climates expected with climate change.
• Here, we assessed species composition and potential vulnerability of UFs in 22 Australian significant urban areas (SUAs) to heat and/or moisture stress. We quantified species' realized climatic niches across their known distribution, and assessed the extent to which baseline climate in the SUAs where a particular species is planted fell within its niche. We used three environmental variables to group species based on their potential climate vulnerability.
• UFs varied in species composition and climate vulnerability across the continent.
In general, neither climate similarity nor geographical proximity were good predictors of species composition among UFs. Of 1,342 tree species assessed (68.4% natives), 53% were considered potentially vulnerable to heat and/or moisture stress in at least one city where they are currently planted.
• Our results highlight the climate vulnerability of current plantings across Australian SUAs and can be used to direct future species selection that considers the species' climate of origin and climatic niche. UF planning can incorporate species from SUAs with similar climates and with low vulnerability to contemporary, as well as
| INTRODUC TI ON
Plants sustain life on our planet by regulating major biogeochemical cycles (Bolin & Cook, 1983; Melillo, Field, & Moldan, 2003) . Plants also provide multiple benefits to people, in the form of goods (e.g. food, raw material) and services (e.g. aesthetic, physiological) (Balick & Cox, 1996; Lohr, 2007) . In urban ecosystems, plants contribute significantly to human welfare via their contributions to carbon sequestration, pollutant assimilation, heat mitigation, increased biodiversity, improvement of human health, cultural value, and social integration (e.g. Alvey, 2006; Ballinas & Barradas, 2016; Germann-Chiari & Seeland, 2004; Nowak, Hoehn, & Crane, 2007; Oliveira, Andrade, & Vaz, 2011; Tzoulas et al., 2007) .
Urban forests-a collection of trees that grow within and around human settlements-are unique ecosystems, typically existing in highly fragmented environments, with a distinctive species composition and structure (Williams et al., 2009) . Human needs and preferences play a decisive role in determining the composition of urban forests (Gerstenberg & Hofmann, 2016; Saebø, Benedikz, & Randrup, 2003) , which can vary depending on the type of urban setting, its location, and the desired benefits associated with the planting (Song, Tan, Edwards, & Richards, 2017) . For instance, cities typically have areas with significantly higher temperatures compared to the surrounding non-urban areas-the urban heat island effect. In such locations, species with broad canopies and high transpiration rates might be selected to aid with heat mitigation (Ballinas & Barradas, 2016) . Although, climate might not necessarily dictate which species are planted in an urban forest, the species' climate of origin has been identified as a key factor determining species' survival and performance (Kendal et al., 2018) . In addition, many species are able to grow successfully in climatic conditions beyond those of their natural distribution (Booth, 2017; Booth, Nix, Busby, & Hutchinson, 2014) .
The unique characteristics of the urban environment may increase the vulnerability of some species to climate change. Given that there are thermal and aridity limits to species distributions (Stuart-Haëntjens et al., 2018; Woodward & Williams, 1987) , predicted changes in climate (means and extremes) may threaten both existing and future urban forests. The impervious surfaces throughout urban areas generally have high heat retention properties and may alter the retention, infiltration, and reuse of water compared to natural substrates (Kumar et al., 2016; Norton et al., 2015) .
Extremes of low soil moisture availability will be exacerbated by changes in rainfall seasonality and associated increases in the duration and intensity of drought (De Sherbinin, Schiller, & Pulsipher, 2007) . Additionally, the urban heat island effect will be aggravated by projected increases in temperature (Corburn, 2009) , with expected increases in the magnitude and duration of heatwaves impacting plant and animal species as well as human populations (King & Karoly, 2017; Perkins-Kirkpatrick & Gibson, 2017) . Thus, assessing the relationships between species occurrence and climatic conditions, such as temperature and precipitation, can provide valuable information on tree species' potential vulnerability to climate change (Busby, 1988) .
Extreme climate conditions are likely to affect species performance and, ultimately, alter the composition of urban forests. This issue is important because urban forests typically include species that are geographically and climatically distant from their natural distributions (Kendal et al., 2018) . For species that originate from cooler climates, increases in temperature may limit their persistence in warmer cities. However, rising temperatures will make cities in cooler climates more suitable for species that originate from warmer climates (Jenerette et al., 2016; Kendal et al., 2018) .
Similarly, in areas where trees receive irrigation, plants are unlikely to be constrained by ambient rainfall and will be less vulnerable to reductions in precipitation (Vogt et al., 2017) . Despite the role that climatic suitability may play in shaping species choice and performance in urban areas, few comprehensive studies have explored tree species composition of urban forests across wide-ranging climate zones (but see Jenerette et al., 2016; Ramage, Roman, & Dukes, 2013) .
Urban forests require species that can tolerate the climatic conditions likely to occur during the life-span of the individuals (McPherson, Berry, & Doorn, 2018) . However, species selection requires consideration of many underlying complexities, including land use, land ownership, competing priorities, and governmental policy (e.g. biosecurity protocols). Furthermore, selection must consider climate adaptation, disease resistance, and phenotypic plasticity, along with aesthetic and social factors (Roman et al., 2015; Saebø et al., 2003) . Thus, evaluating relationships between existing urban forest species and climate provides a basis for identifying vulnerabilities. Vulnerability is defined here as the potential for an adverse impact of external environmental stressors (e.g. heat and moisture) on trees in urban environments. Vulnerability is influenced by the exposure and sensitivity of a system to climate change, as well as its capacity to adapt to this change (IPCC, 2014 The aim of this study was to (a) assess the tree species composition of urban forests within 22 of Australia's Significant Urban Areas (SUAs); (b) assess the potential sensitivity of tree species in urban environments to extreme temperature and precipitation conditions; and (c) undertake a categorization of potential vulnerability.
Combined, the 22 SUAs capture a wide range of urban climates, from cool and wet to hot and dry. We collated lists of tree species planted in urban areas across Australia, evaluated the breadth of species' realized climate niches based on native and non-native occurrence data, and compared these to the extremes of climate currently experienced in each of the 22 SUAs where the species are planted. Species' vulnerability was assessed by determining whether it is likely to be affected, adversely or beneficially, when exposed to climatic extremes that are experienced in the SUAs where they are planted. The resulting categorization of potential climate vulnerability can be used for future urban planning and species selection.
| ME THODS

| General approach
To summarize our approach, we collated lists of tree species grown in Significant Urban Areas (SUAs) throughout Australia, this information was used independently and solely to determine vulnerability.
Additionally, for each species, we obtained georeferenced occurrence records from natural history database collections. We then extracted environmental data for all occurrence records, including both native and non-native occurrence records, and SUAs included in this study. Species' niches were quantified and compared to the climate of each SUA in which the species is known to be grown based on the tree species lists.
| Tree species lists and species occurrence records
SUAs are geographical units that describe urban agglomerations comprising more than 10,000 people within a single labor market.
SUAs are not necessarily a single urban center, as they can also represent a cluster of related centers with a core urban population (ASGS, 2011).
We compiled lists of tree species growing within each SUA based on data from multiple sources, including local council tree inventories and reports, roads/utility authorities reports, the National Register of Big Trees (www.natio nalre giste rofbi gtrees.com.au), and published literature (Kendal et al., 2017) . In total, we gathered tree species occurrence data for 50 of Australia's 101 SUAs. However, species lists were limited for 28 of these. Hence, the climate vulnerability section of our study was restricted to 22 SUAs; seven SUAs are from the state of New South Wales (NSW), five from Victoria (VIC), three from Queensland (QLD) and Tasmania (TAS), and one each from the Australian Capital Territory (ACT), the Northern Territory (NT), South Australia (SA) and Western Australia (WA) ( Figure 1a ).
For each tree species reported, we obtained global occurrence records from the Global Biodiversity Information Facility (GBIF; www.gbif.org) and the Atlas of Living Australia (ALA; www.ala.org. au/) using the rgbif and ALA4R packages in R (R Core Team, 2018; https ://github.com/Atlas OfLiv ingAu stral ia/ALA4R ), thereby capturing the entirety of the species' realized climate niche by including records from its native and exotic ranges. GBIF and ALA databases are curated repositories of species occurrences, comprising herbarium and museum specimens, survey and atlas data and citizen-science based observations. Occurrence records were filtered and cleaned by removing spatially invalid or suspect records that could lead to Taxonomy and endemicity were standardized and verified against the Global Biodiversity Information Facility (GBIF, www.
gbif.org) and then against The Plant List (TPL; www.thepl antli st.org) and the Australian Plant Name Index (https ://www.anbg.gov.au)
using Taxonstand, taxize, and taxizehelper packages (Cayuela, Stein, & Oksanen, 2017; Chamberlain & Szocs, 2013; Quintans, 2018) in R (R Core Team, 2018). We used the accepted binomials from The Plant
List taxonomy for our analysis.
| Urban forest composition
Australia's urbanization is largely concentrated in the temperate south-east region and tree inventories are developed only by some local councils. In order to enable valid species composition analysis (Legendre & Legendre, 2012) for assessing whether SUAs with similar Köppen climatic conditions (Stern, Hoedt, & Ernst, 2000) also have similar urban forest compositions, we included a subset of 11 of the 22 SUAs that have relatively larger spatial coverage among the tree inventory data. For these SUAs, we developed a species presenceabsence matrix using non-metric multidimensional scaling (NMDS).
NMDS projects multivariate data along latent axes based on distances between assemblages but preserves the underlying dissimilarity structure of the original dataset. The distance between SUAs in the ordination space reflects the dissimilarity in species composition, such that SUAs with similar scores are expected to have similar composition (Legendre & Legendre, 2012) . Statistical analyses were performed using R version 3.4.4 (R Core Team, 2018), specifically we used the vegan package (Oksanen, 2019) and the function metaMDS, without auto-transformation and Jaccard coefficient as the metric for the presence-absence community-by-site matrix.
| Environmental data
We assessed the realized climate niche of each tree species occur- (Zomer et al., 2007) . Furthermore, PET is related to the hydrological cycle, drought, and aridity (Sahin, 2012) . All environmental data were transformed to the Australian Albers Equal-Area Conic projection (EPSG:3577).
For all global occurrence records of each species, we extracted values of the three environmental variables. Based on these global records, we then estimated each species' realized climate niche by calculating the mean, median, and 5th/95th percentiles of each variable ( Figure S1 ). For each SUA, we placed a grid (1 × 1 km) over its area and extracted values of the three environmental variables at each cell. Then, we calculated the mean, median, and 5th/95th percentiles of each variable.
For species and SUAs, we used the climate thresholds estimated from the 95th percentile of MTWM and the 5th percentile of PWQ, and the mean PET. Hereafter, when we refer to MTWM, PWQ, and PET, we imply the use of the 95th and 5th percentiles and the mean respectively. We used these thresholds to assess the extremes of these variables as indicative of niche tolerance (i.e. species' thermal and moisture stress tolerance for survival and growth) (Martinez, Arenas, Trilla, Viejo, & Carreño, 2015) . For each city, we used the same MTWM, PWQ, and PET thresholds derived from the SUA's climate data. These SUA climate data were plotted and compared with climate thresholds of all the individual species constituting its urban forest. We then identified which species, within a given city, were at the upper or lower limits of their realized climate niche for temperature (MTWM), precipitation (PWQ), and PET respectively ( Figure S2 ).
Finally, for each SUA, we placed each species into one of four cat- MTWM and PWQ species values for category 3 were below the SUA values, meaning the SUA was warmer than the species' high temperature threshold, but wetter than the low precipitation threshold.
Finally, species that are unlikely to be vulnerable to either heat or moisture deficit were placed into category 4. These species have values of MTWM above and PWQ below the SUA values, meaning the SUA is both cooler and wetter than the species' high temperature and low precipitation thresholds. Subsequently, we evaluated cases where the species' PET values were higher or lower than the SUA's PET values. In those cases where species' PET > SUA's PET, we highlighted their increased vulnerability (i.e. PET vulnerable) ( Figure 2 ).
| RE SULTS
| Urban forest composition
Based on our species lists, we found 1,342 tree species from 138 families reported to be planted and growing in the 22 SUAs. Of Although our sample size was small (n SUAs = 11), we found some indication that species composition is more similar amongst SUAs with similar climates compared to SUAs with contrasting climates. Indeed, the humid subtropical SUAs were separated from the other SUAs,
The maximum temperature of the warmest month (MTWM) and precipitation of the warmest quarter (PWQ) were used to divide tree species (green and blue dots-exotic and native, respectively) into four categories of potential vulnerability to extreme climate. Category 1 includes species whose MTWM (95th percentile) values are below and PWQ (5th percentile) values are above the significant urban area (SUA) values, respectively (blue triangle-Sydney, NSW, for this example). The category 1 species were considered as potentially vulnerable to heat and moisture stress. Species in category 2 have values of PWQ and MTWM above the SUA values; these species are considered moisture vulnerable. In contrast, category 3 includes species that are heat vulnerable. MTWM and PWQ values for these species are below the SUA values. Finally, species with no apparent climate vulnerability fell under category 4. These species have values of MTWM above and PWQ below the SUA values. Additionally, we included the vulnerability to potential evapotranspiration (PET). Vulnerable species are those whose PET values are higher that of the SUA's PET values (species > SUA) while the colder semi-arid SUAs of Mildura (VIC) and Griffith (NSW)
were clustered together ( Figure S3 ). However, for some SUAs, it ap- were located close to each other on the NMDS plot ( Figure S3 ).
| Categorization of potential climate vulnerability
Higher Proportions of non-vulnerable species are higher in SUAs with higher PWQ (Figure S4 ). (Figure 4b ; Figure S5 ).
Categories of vulnerability
| D ISCUSS I ON
| Urban forest composition and potential vulnerability to extreme climate
The composition of urban forests shows patterns of climate vulnerability evident across the 11 SUAs traversing all states and biomes in Australia. For instance, similarities in urban forest composition decreased (i.e. fewer common species) between SUAs with contrasting climates (e.g. compare humid subtropical and cold semi-arid, Figure   S3 ) and increasing geographic separation (e.g. compare Newcastle, Perth, Figure S3 ). Conversely, SUAs within different Köppen climate zones but with similar compositions (e.g. Melbourne, Mildura, and Perth) likely result from incorporation of species from other biomes and biogeographical provinces into their urban forests (Jenerette et al., 2016) . Finding that climate and geographic distance does not necessarily have a strong effect on the urban composition of some SUAs indicates that other factors (e.g. aesthetic or historic F I G U R E 3 Precipitation of the warmest quarter (PWQ, mm; interpolations of observed data from WorldClim; <worldclim.org/>) and proportion of tree species in each of four potential climate vulnerability categories: heat and moisture vulnerable (Cat 1); moisture vulnerable (Cat 2); heat vulnerable (Cat 3); and non-vulnerable (Cat 4), in 22 significant urban areas (SUAs) within Australia. For more details on climate categories see Figure 2 ; for names of SUAs see Figure 1a | 393 ESPERON-RODRIGUEZ Et al. preferences) are driving species selection in these Australian SUAs with less consideration given to potential climate vulnerability of planted species.
Future changes in temperature and precipitation patterns will undoubtedly affect the performance and survival of urban forests globally. Rainfall is well-known to play an important role in determining species distributions (Moles et al., 2014; O'Donnell & Ignizio, 2012) , and both natural and urban forests are increasingly threatened by drought-induced tree mortality (Anderegg et al., 2015; Klockow, Vogel, Edgar, & Moore, 2018; Vogt et al., 2017) . However, the adverse effects of limited rainfall can be reduced in areas with low potential evapotranspiration and also mitigated by irrigation (Jenerette et al., 2016; Vogt et al., 2017) . A somewhat surprising result was that relatively few species were found to be vulnerable to PET, presumably because vulnerability to heat and moisture already captures vulnerability to PET.
Another factor to consider is changes in rainfall seasonality, which will affect soil water balance and plant growth (Feng, Vico, & Porporato, 2012) . Rainfall seasonality across Australia varies geographically. Southern Australia experiences predominantly winter rainfall, while northern Australia experiences summer rainfall. Our finding that the two SUAs experiencing a Mediterranean climate also have the highest proportions of species vulnerable to moisture stress (Figure 3 ) may be related to the seasonality of rainfall in these areas, although we caution that our ability to attribute contrasting vulnerability to rainfall seasonality is limited given only two SUAs contrast.
Extreme temperature is a major factor limiting plant growth and performance (Larcher, Kainmüller, & Wagner, 2010) . As heat waves will likely increase in intensity, frequency, and magnitude (McAlpine et al., 2009; Perkins-Kirkpatrick & Gibson, 2017) , existing plantings will become more vulnerable to these extremes. We found a 
| Caveats and limitations
The lack of widespread tree inventories and occurrence records constitutes a key limitation to this type of work. Inevitably, our findings are biased toward those SUAs with the resources to develop comprehensive tree inventories. Hence, our results represent an approximation of urban forest composition and perhaps a more limited indication of species' potential climate vulnerability than if data from more SUAs were available. More detailed tree inventories would certainly improve the accuracy of comparisons of urban forest composition across spatial scales in future studies. We used global occurrence records to estimate species' realized niche. However, we note that sampling effort is unequal across regions and might have spatial and temporal bias (Haque, Nipperess, Gallagher, & Beaumont, 2017 (Jenerette et al., 2016; O'Donnell & Ignizio, 2012) . Furthermore, the inclusion of an aridity or moisture index could be used to assess the availability of precipitation for plant growth and can be indicative of changes in rainfall seasonality when comparing different time periods (Stadler, 1998; Thornthwaite, 1948 (Beaumont et al., 2009; Booth, 2017; Simberloff, 2000) . Hence, it is possible that this approach may overestimate the vulnerability of species planted beyond their native range, particularly for those species whose non-native occurrence records are unknown or incomplete. Ultimately, a more detailed study on species provenance or varieties may help to elucidate the mechanisms by which species are able to inhabit regions at the limits of their natural realized climate niche and the extent to which this approximates the fundamental niche.
| Future urban forests
We highlight the need to develop tree inventories with detailed information on species' presence and performance in urban areas. Such information can serve as the basis for development of urban forest management plans (Crown, Greer, Gift, & Watt, 2018; Östberg, Wiström, & Randrup, 2018; Palacio-Prieto et al., 2000) . Our findings provide new opportunities for species selection and management as climate changes. For future plantings, climate-vulnerable species may be replaced with non-vulnerable species. Developing climate assessments for urban species, for example via the use of species distribution models (Booth et al., 2014; Booth, Nix, Hutchinson, & Jovanic, 1988; Guisan & Thuiller, 2005) , represent a powerful tool to increase our confidence in climate-resilient species selection.
Selection of species that are identified as unlikely to be vulnerable to current climate in SUAs that have similar climates might be a viable option for expanding the current palette of species within a given city, although consideration must be given to minimize potential risks associated with introducing novel species. Also, we caution that relying only on a small pallet of popular, climate-tolerant species for urban greening can reduce diversity and ecosystem functioning (Wei & Huang, 2015) . Finally, vulnerable species may require more intensive management (e.g. maintenance, watering) and in extreme cases, replacement, if they cannot cope with the ever-increasing pace of climate change, including increased exposure to pests and disease (Tubby & Webber, 2010) .
| CON CLUS IONS
Australia's urban forests vary in composition, number of tree species, and potential vulnerability to extreme climate. High proportions of heat vulnerable species were found in warmer SUAs, indicating those trees are potentially more at risk from future increases in temperature. The impacts of climate change will be variable and depend on the resilience and adaptive capacity of individual species, as well as management actions (e.g. irrigation) to ameliorate impacts. Our results highlight species that are broadly planted in urban areas across the continent and identify those that may be vulnerable to heat and/ or moisture stress, as they are cultivated in areas approaching the limits of environmental tolerances inferred from their natural and planted climate envelope. Future urban planning should aim to incorporate species that are well-adapted to projected conditions, and our results can be used to inform this objective.
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